We study statistics of the 21-cm signal from the epoch of reionisation. We propose to use [Oiii] line emitting galaxies to cross-correlate with the 21-cm signal from z = 7−10. To this aim, we employ simulations of reionisation obtained post-processing the highresolution cosmological hydrodynamics simulation Massive Black-II with the 3D radiative transfer code CRASH to follow the propagation of ionising photons from a variety of sources. We show that, during the early phases of reionisation, the 21-cm signal is positively correlated with the spatial distribution of the [Oiii] emitters on large scales (k < 1h cMpc −1 ). This positive correlation is generated by the temperature -galaxy correlation and it is a few times larger than when we assume that the heating is saturated. As the reionised regions expand, the correlation changes its sign to negative from z = 10 to 8. The signals at this epoch can be detected by combining the Square Kilometre Array (SKA) and a wide-field [Oiii] emitter survey. We also calculate the cross-power spectrum with a three-dimensional [Oiii] intensity field, aiming at exploiting future intensity mapping observations. We conclude that high-redshift [Oiii] line emitters provide a promising and unique method to probe the reionisation process when the inter-galactic medium is largely neutral.
INTRODUCTION
A number of observational programmes are planned to probe the evolution of the intergalactic medium (IGM) during cosmic reionisation. So far, observations of absorption lines in quasar spectra (e.g. McGreer, Mesinger & D'Odorico 2015) and the polarisation of the cosmic microwave background (Planck Collaboration XIII 2016) suggest that the IGM was almost fully ionised by z ∼ 6, whereas the recent global hydrogen 21-cm signal measurement by EDGES, if confirmed, indicates that reionisation began as early as z ∼ 15 (Bowman et al. 2018) . Although the inferred epoch of reionisation (EoR) is roughly consistent with theoretical models based on the standard cosmology, there still remain outstanding issues such as the nature of its sources and the detailed ionisation history.
The hydrogen 21-cm line provides a direct method to probe the distribution of neutral hydrogen in the Universe. Ongoing and planned radio observations include Murchi-⋆ E-mail: kana.moriwaki@utap.phys.s.u-tokyo.ac.jp son Wide Field Array (MWA) 1 , Low Frequency Array (LO-FAR) 2 , Precision Array for Probing Epoch of Reionization (PAPER) 3 , Hydrogen Epoch of Reionization Array (HERA) 4 , and Square Kilometer Array (SKA) 5 . It is well known that a variety of the so-called foregrounds hamper robust detection of the 21-cm signal from the EoR. Most notably the Galactic synchrotron emission and extragalactic radio sources are far brighter than the expected 21cm signal. A promising way of mitigating the systematic noise or contamination from foregrounds, in addition to confirming the origin of the signal, is to utilise the crosscorrelation of the 21-cm line with some other known tracers at the same redshift. The spatial cross-correlation between the 21-cm signal and the distribution of galaxies at the EoR has been suggested as one of such probes, and correlation with Lyα emitters (LAEs) has been studied extensively (e.g. Lidz et al. 2009; Wiersma et al. 2013; Vrbanec et al. 2016; Hutter et al. 2017; Kubota et al. 2018) . While LAEs can be an excellent tracer of the underlying large-scale structure at z ∼ 6 − 7, it becomes progressively difficult to detect LAEs toward higher redshift, when the neutral fraction of the IGM is large. Konno et al. (2014) has shown that the Lyα luminosity becomes significantly weak compared to UV continuum at z > 7. It is thus necessary to investigate the possibility of using other tracers, if they exist, to measure the cross-correlation during the early phase of reionisation.
Recent observations by Atacama Large Millimeter/submillimeter Array (ALMA) demonstrated that the FIR [Oiii] line is an excellent target to detect and study galaxies at z > 7 (e.g. Inoue et al. 2016; Carniani et al. 2017; Laporte et al. 2017; Hashimoto et al. 2018a,b; Tamura et al. 2019) . Earlier in our study, we propose that [Oiii] line emitters can be used as a tracer of the underlying large-scale structure at high redshift (Moriwaki et al. 2018) . Line intensity mapping is another powerful method to study the large-scale distribution of galaxies. Intensity mapping observations of the high-redshift [Cii], CO, Hα lines are already planned (Kovetz et al. 2017) . The Spectrophotometer for the History of the Universe, Epoch of Reionization, and Ice Explorer (SPHEREx), which is aiming to map the Hα intensity at z < 6, can also detect the high-redshift optical [Oiii] line in the future. The possibility of using intensity mapping, rather than galaxy surveys, in cross-correlation studies should then be considered, and indeed has been proposed by a number of authors (e.g. Visbal & Loeb 2010; Silva et al. 2015; Dumitru et al. 2019) .
In this paper, we examine the cross-correlation between the 21-cm line and [Oiii] emitters. The paper is structured as follows. In Section 2 we describe the methodology used for this study, in Section 3 we present the results, and in Section 4 we discuss future prospects for the detectability of the correlation and give our conclusions.
METHODOLOGY
In this section we present the simulation and the methodology employed to evaluate the cross-correlation between the 21-cm and [Oiii] lines.
Simulations of reionisation
Here we provide a brief description of the simulations of reionisation employed in this work, while we refer the reader to Eide et al. (2018) and Eide et al. in prep for more details.
The IGM and source properties are retrieved from Massive Black II, a high-resolution cosmological hydrodynamics simulation of galaxy formation (Khandai et al. 2015) , which follows physical processes such as star formation, feedback, and black hole (BH) evolution (Springel & Hernquist 2003; Di Matteo, Springel & Hernquist 2005; Springel 2005; Croft et al. 2009; Degraf, Di Matteo & Springel 2010; Di Matteo et al. 2012 ). The simulated volume is a cube of 100h −1 cMpc on a side, where 2 × 1792 3 gas and dark matter particles with masses of mgas = 2.2 × 10 6 h −1 M⊙ and mDM = 1.1 × 10 7 h −1 M⊙ are distributed initially, so that the minimum halo mass identified in the simulation is ∼ 10 8 M⊙. The cosmological parameters are from the 7-year Wilkinson Microwave Anisotropy Probe (WMAP7), i.e. σ8 = 0.816, ns = 0.968, ΩΛ = 0.725, Ωm = 0.275, Ω b = 0.046 and h = 0.701 (Komatsu et al. 2011) .
Radiation transfer (RT) is done as in Eide et al. (2018) . Briefly, a density and a source distribution map on 256 3 cells are generated from each snapshot. The Monte Carlo ray-tracing code crash (Ciardi et al. 2001; Maselli, Ferrara & Ciardi 2003; Maselli, Ciardi & Kanekar 2009; Graziani, Maselli & Ciardi 2013; Graziani, Ciardi & Glatzle 2018) is then used to compute the ionisation degree and the gas temperature of each cell. Four types of ionising sources are considered: stars, X-ray binaries, supernova-heated interstellar medium, and nuclear BHs. A constant escape fraction of UV photons fesc = 0.15 is assumed for all the sources except BHs, for which the escape fraction is unity. Further details on the spectral shapes and the ionising photon production rates are found in Eide et al. (2018) and Eide et al. in prep. We note here that stars contribute to generate and heat fully ionised Hii regions, whereas the other, more energetic sources contribute to partial ionisation and heating of the diffuse IGM.
21-cm signal
The 21-cm brightness temperature relative to the CMB temperature is given by (e.g. Field 1959; Furlanetto, Oh & Briggs 2006) 
where xHI is the volume averaged neutral fraction, Ts is the spin temperature, δx = xHI/xHI − 1 and δρ = ρ/ρ − 1 are the fluctuations of the neutral fraction and the gas density respectively, and
is the normalization factor that scales with cosmological parameters. The spin temperature is set to be the gas temperature, which is a valid assumption in the presence of strong Lyα coupling. We also make the common assumption that
is the Hubble parameter and dv /dr is the peculiar velocity gradient along the line of sight. To examine the contribution from the temperature fluctuations to the 21-cm signal, we rewrite equation (1) as
by introducing η ≡ 1 − TCMB/Ts, where η is the volume averaged value of η and δη = η/η − 1. Fig. 1 shows the slice maps of the 21-cm signals at (z, xHI) = (10.0, 0.98), (8.0, 0.78), (7.5, 0.46), and (7.0, 0.23). The red (blue) regions correspond to areas where the emission (absorption) signals are seen. At z = 10, the gas temperature in low density regions distant from bright galaxies is smaller than the CMB temperature, and thus absorption features are clearly seen in such regions. For a more extensive discussion of the 21-cm signal obtained from the simulations we refer the reader to Ma et al. in prep. Figure 1 . Slice maps of the 21-cm signals at z = 10.0, 8.0, 7.5, and 7.0. The black and red points represent the galaxies with L O III > 10 41 erg/s and 10 42 erg/s respectively and the gray points are all the galaxies within the slice. The width of the slices is 1.2h −1 cMpc. 
where CO III is the line luminosity ratio calculated with cloudy, Z is the mean gas metallicity of a galaxy, U is the ionisation parameter, and n is the electron density. We calculate the ionisation parameter as (e.g. Panuzzo et al. 2003 )
where αB is the case-B hydrogen recombination coefficient, andṄion is the number of ionising photons emitted from sources other than BHs multiplied by (1 − fesc). As already mentioned, the [Oiii] 5007Å line luminosity is typically independent from the electron density because its critical density is as high as 10 6 cm −3 , while the typical electron density in Hii regions is 10 − 1000 cm −3 (e.g. Sanders et al. 2016 ). Because the simulation does not resolve individual Hii regions within a galaxy, we adopt n = 100 cm −3 for all galaxies in this study, but we verified that the results are not affected by this specific choice.
For each output, we generate a number density map of [Oiii] emitters, n gal (r), and a [Oiii] intensity map, IO III (r), with 256 3 cells to cross-correlate with the 21-cm signal. The [Oiii] intensity at the position r is given by
where LO III (r) is the total [Oiii] luminosity within a cell at r, DL is the proper luminosity distance, χ is the comoving distance, λ is the observed wavelength, V cell is the comoving volume of a cell, and lO III (r) is the comoving luminosity density at r. Table 1 summarizes the global properties of each snapshot. The [Oiii] luminosity density and the number of bright galaxies rapidly increase from z = 10 to z = 8, but the IGM neutral fraction remains larger than 0.7 at z = 8. The distribution of galaxies is also shown in Fig. 1. Bright [Oiii] emitters are embedded in large Hii regions as they are tracers of high density regions, where ionising sources are expected to reside.
Cross-power spectrum
We calculate the cross-power spectrum between the 21cm signal, δT21, and the fluctuation of the galaxy number density, δn(r) = 1 − n gal (r)/n gal , where n gal is the mean number density of the galaxies. In intensity mapping, the volume-averaged intensity over the observation volume, IO III , cannot be directly observed because of a variety of foreground sources and contamination. Thus we cross-correlate the 21-cm signal with IO III (r) instead of δIO III (r) = 1 − IO III (r)/IO III . We calculate the normalized 3D cross-power spectra between δT21(r) and δn(r) (∆ 2 21,n ) or IO III (r) (∆ 2 21,I ) as
As a consequence of the three fluctuation terms (δx, δρ and δη) in equation (3), the cross-power spectrum is composed of seven terms:
If the IGM gas is much hotter than the CMB temperature (i.e., η ∼ 1), the cross-power spectrum is reduced to
as often assumed in previous studies. In the following section, we will show the cross-power spectrum calculated under this "saturated heating assumption" to examine the effect of temperature fluctuations. We also calculate the cross-correlation coefficient
where P21(k) and Pg(k) are the respective auto-power spec- tra. We subtract the shot noise after calculating the autopower spectrum Pi(k).
RESULTS
In this section we will discuss our results in terms of crosscorrelation between the 21-cm signal and the [Oiii] emitters as well as [Oiii] intensity.
21 cm-[Oiii] emitter cross-power spectrum
We first calculate the 3D cross-power spectrum between the 21-cm signal and the fluctuation of the number density of galaxies. We assume that all the galaxies with [Oiii] luminosity greater than Lmin = 10 42 erg/s are detected 6 . Such galaxies are typically hosted by halos with masses greater than M halo ∼ 2 × 10 10 M⊙. Fig. 2 shows the cross-power spectra at various redshifts (solid lines), together with the expected errors (dotted lines), which will be discussed later. At z = 10, ∆ 2 η,n dominates at k < 1h cMpc −1 , producing the positive correlation clearly seen in Fig. 2 . As our reionisation model includes sources more energetic than stars, the gas temperature near the ionising sources is saturated (η ∼ 1) even at z = 10, and ∆ 2 η,n disappears on scales smaller than the size of the saturated regions. Instead, we observe an anti-correlation of ∆ 2 xη,n on these small scales (i.e., k ∼ 2h cMpc −1 ). As the IGM gets heated with decreasing redshift, ∆ 2 η,n gets smaller. Inversely, the anti-correlation of ∆ 2
x,n becomes larger and shifts to larger scales as the ionised regions grow in size. From z = 10 to 7.5, one can see a positive-to-negative transition of a large-scale crosspower spectrum. At z < 7.5, we find that the IGM temperature is saturated almost everywhere and there is always anti-correlation on large scales.
At every redshift, we observe another clear transition in the cross-correlation coefficient (the bottom panel of Fig. 2 ) from anti-correlation to no-correlation on the scales corresponding to the typical size of fully ionised regions, i.e., k = 3h cMpc −1 (r = 2h −1 cMpc) at z = 10 and k = 1h cMpc −1 (r = 6h −1 cMpc) at z = 7.5. A positive correlation on these small scales has been found by other authors (see e.g. Lidz et al. 2009 ) and it could be related to two different effects. If galaxies outside ionised regions are observed, then the correlation between the gas density and these galaxies generates positive correlation. In our simulation, this is observed only when Lmin < 10 40 erg/s. Alternatively, this could be associated to some residual neutral gas in high density regions within Hii bubbles. In this case the neutral gas, and hence the associated 21-cm signal, is correlated with the galaxies residing within the same Hii region. In our simulations, we find that the gas within Hii regions is fully ionised, as a result either of the contribution from a large number of small mass galaxies (not resolved e.g. in Lidz et al. 2009) or of the lack of self-shielded Lyman limit systems as a consequence of the limited resolution of the simulation. The cross-power spectra in Fig. 2 do not show clear negative to positive "turnover".
We next explore the detectability of the cross-power spectra. The variance of cross-power spectrum for a particular mode (k, µ) is given by (e.g. Lidz et al. 2009 )
where µ is the cosine of the angle between k and the line of sight and
σn(k, µ) = Pn(k, µ) + PN,n(k, µ),
are the variances of the auto-power spectra. The first terms, P21 and Pn, represent sample variances and the second terms, PN,21 and PN,n, are the noise power spectra which depend on the instruments (see equations (22) and (23) of Kubota et al. 2018) . The variance of the spherically averaged cross-power spectrum is then calculated as
where Vsurv is the survey volume. We assume a SKA survey (Waterson et al. 2016) with 1000 hour integration time, and a hypothetical redshift survey of [Oiii] emitters capable of detecting galaxies with LO III > 10 42 erg/s with a survey volume Vsurv = 10 6 h −3 cMpc 3 and a redshift error σz = 0.01. With this survey volume, a statistically significant number (∼ 100) of galaxies can be detected even at z = 10 (see table  1 ). For SKA observations, we adopt the system temperature, the number density of antenna tiles, and the effective area of each antenna tile from Kubota et al. (2018) . The dotted lines in Fig. 2 show the variance given in equation (14). The large-scale correlation at k ∼ 0.1h cMpc −1 (and up to k ∼ 0.5h cMpc −1 depending on redshift) can be detected by combining SKA and our hypothetical galaxy survey. We find that the sample variance (P21 and Pn terms in equations (12) and (13)) dominate the errors at k ∼ 0.1h cMpc −1 , whereas the observational errors (PN terms) dominate on smaller scales.
To examine the effect of temperature fluctuations, we calculate the cross-power spectra under the saturated heating assumption, i.e., η ∼ 1. The solid lines in Fig. 3 show the cross-power spectra calculated with saturated heating assumption. For a reference, we also show the cross-power spectra calculated with temperature fluctuation (i.e., Ts = Tgas, dashed lines), which are identical to those in Fig. 2 . At z = 10, a positive correlation of ∆ 2 ρ,n on large scales (k < 0.4h cMpc −1 ) is present even without the fluctuations of η, but its amplitude is much smaller than ∆ 2 η,n . Despite the difference in amplitudes at z = 10, we observe, in both cases, a positive-to-negative transition in the cross-power spectrum at a similar redshift, i.e., between z = 10 and 8.0. This is because the η fluctuations rapidly disappear at z < 10 and provide only a small contribution when the transition occurs. We note that the heating rate of the IGM gas depends on the luminosity and the spectral shape of X-ray sources (Fialkov & Barkana 2014; Fialkov et al. 2017) . One should keep in mind that the transition would occur at a later stage of the EoR if the IGM gas is heated more slowly, though the inefficient X-ray heating model is disfavored by recent observations (e.g. Singh et al. 2018; Monsalve et al. 2019) . 
21 cm-[Oiii] intensity cross-power spectrum
Next, we discuss the cross-correlation with [Oiii] intensity. Fig. 4 shows the cross-power spectra between the 21-cm signal and the [Oiii] intensity at four redshifts. The positiveto-negative transition of cross-power spectrum occurs between z = 10 and 8, almost the epoch when ∆ 2 21,n changes its sign. The amplitude of the cross-power spectrum scales with the mean intensity. At z = 10, for instance, although there is a strong correlation between 21-cm and [Oiii] intensity on large scales, the cross-power amplitude is smaller than at lower redshifts because of the small mean intensity at z = 10 (see table 1 ). The transition in r21,I from anticorrelation to no-correlation is seen on scales smaller than in r21,n. This is because the entire [Oiii] intensity is dominated by galaxies with LO III < 10 42 erg/s and these fainter galaxies are embedded in smaller ionised bubbles (see Fig.  1 ). We find that the shape of the cross-power spectra is overall similar to ∆ 2 21,n if the number density of galaxies with LO III > 10 41 erg/s is used.
A large observation volume of intensity mapping may enable us to successfully detect a large-scale crosscorrelation between 21-cm and intensity maps, but their noise levels can be estimated only if the detector, survey volume and depth are specified. In addition, a variety of foreground contamination needs to be considered. Although accurate accounts of these factors are beyond the scope of the present paper, further studies are clearly warranted because metal-lines such as [Oiii] appear to provide a more promising probe than hydrogen/helium lines to identify early galaxy populations at z > 7.
DISCUSSION AND CONCLUSIONS
We have shown that the large-scale cross-power at k ∼ 0.1h cMpc −1 (and up to k ∼ 0.5h cMpc −1 depending on redshift) can be detected with SKA and a large volume galaxy survey or an intensity mapping. A successful detection at various redshifts would be valuable to probe the ionisation and thermal state of the IGM. In Fig. 5 we show the redshift evolution of the cross-power amplitude at k = 0.1h cMpc −1 using the number density of [Oiii] emitters (top) and [Oiii] intensity (bottom). For ∆ 2 21,n , we show the observational errors described in the previous sections. From z = 10 to 7.5, the IGM neutral fraction decreases rapidly from 1.0 to 0.5. As the temperature saturated regions and fully ionised regions grow in size, the sign of the cross-power spectrum changes from positive to negative. This transition is a clear signature to identify the beginning of the EoR. Although the exact epoch of this transition depends on the population of ionising and heating sources, we find that the transition occurs when xHI > 0.8 unless heating gets saturated at a very late stage of the EoR. To identify much earlier phases of the EoR, it is needed to detect and measure the cross-power spectra at smaller scales by reducing the observational errors.
Overall, we argue that [Oiii] line emitters are excellent tracers of the underlying large-scale structure in the early universe and thus offer a promising method to probe the process of early reionisation. In the future, the distribution of luminous [Oiii] 88 µm emitters at z > 8 can be probed, for instance, by a multi-object spectrograph DESHIMA/MOSAIC proposed to be installed on Large Submillimeter Telescope (Kawabe et al. 2016 ). The James Webb Space Telescope NIRCam can also be used to carry out a survey of optical [Oiii] 5007Å line emitters at z > 7 with either its grism module or narrow band 21-cm vs Oiii emitters 7 filters (Moriwaki et al. 2018) . Finally, all-sky infrared intensity mapping to be carried out by SPHEREx may also allow us to study the large-scale clustering of [Oiii] emitters at z > 8. It is thus important to study further the distribution and the physical properties of [Oiii] emitters and to understand their role in the process of cosmic reionisation.
